Our understanding of the impact of poor hepatic choline/phosphatidylcholine availability in promoting the steatosis characteristic of human nonalcoholic fatty liver disease (NAFLD) has recently advanced and possibly relates to phosphatidylcholine/phosphatidylethanolamine concentrations in various, membranes as well as cholesterol dysregulation. A role for choline/phosphatidylcholine availability in the progression of NAFLD to liver injury and serious hepatic consequences in some individuals requires further elucidation. There are many reasons for poor choline/phosphatidylcholine availability in the liver, including low intake, estrogen status, and genetic polymorphisms affecting, in particular, the pathway for hepatic de novo phosphatidylcholine synthesis. In addition to free choline, phosphatidylcholine has been identified as a substrate for trimethylamine production by certain intestinal bacteria, thereby reducing host choline bioavailability and providing an additional link to the increased risk of cardiovascular disease faced by those with NAFLD. Thus human choline requirements are highly individualized and biomarkers of choline status derived from metabolomics studies are required to predict those at risk of NAFLD induced by choline deficiency and to provide a basis for human intervention trials. Adv Nutr 2016;7:5-13.
Introduction
Choline is a nutrient obtained through both dietary intake and endogenous synthesis. In chemical terms it is a methylrich quaternary amine, present in free or esterified forms in all mammalian tissues. Choline is used for the synthesis of the neurotransmitter acetylcholine (1) , and is also involved in methyl-group metabolism, particularly in the liver, because it is a major dietary source of methyl groups via its irreversible oxidation to betaine and the subsequent synthesis of S-adenosylmethionine (2) (Figure 1) . The other sources of methyl groups are dietary methionine and betaine, and de novo synthesis via the one-carbon folate pool ( Figure 1 ).
The liver is probably the major site of choline metabolism, where it is found primarily as phosphatidylcholine (1) . Phosphatidylcholine and other choline-containing phospholipids, lysophosphatidycholine, sphingomyelin, and choline plasmalogen, are components of plasma and organelle membranes (1, 2) . The choline moiety provides these phospholipids with a larger and more cylindrical head group than the smaller and more conical shapes of other membrane phospholipids (1) . Phosphatidylcholine is also required for the assembly/secretion of lipoproteins (2) and for solubilizing cholesterol in bile (3) . It undergoes enterohepatic circulation, with estimates of the amount of human biliary phosphatidylcholine ranging from 5 mmol (;4 g) (4) to 10-20 g/d (5), thus possibly making a greater contribution to phosphatidylcholine entering the small intestinal lumen than dietary phosphatidylcholine (Table 1) , the most abundant form of choline in the diet (7) .
Hepatic homeostasis of phosphatidylcholine is achieved by balancing phosphatidylcholine/choline/betaine uptake ( Table 2 ) and anabolism with phosphatidylcholine catabolism and secretion (12) (Figure 2) . Studies of phosphatidylcholine anabolism in mice led to the estimation that 70% of the hepatic synthesis of phosphatidylcholine is derived from the CDP-choline pathway, requiring dietary choline ( Figure 3) , and 30% from the phosphatidylethanolamine N-methyltransferase (PEMT) 7 pathway (1) . The PEMT pathway becomes increasingly important for the maintenance of phosphatidylcholine supply within the liver when choline intake is insufficient, but it requires the involvement of S-adenosylmethionine ( Figure 1 ). Regulation of S-adenosylmethionine availability is crucial to the capacity of the PEMT pathway to maintain the supply of phosphatidylcholine in the absence of adequate dietary choline.
Initially, choline was not considered a dietary essential because of the existence of the PEMT pathway for de novo synthesis of phosphatidylcholine ( Figure 2 ) and then release of choline from phosphatidylcholine by phospholipase D where required. However, the presence of a pathway for endogenous synthesis of any nutrient does not guarantee that requirements can be met through this pathway alone (13) . Choline was recognized as a required nutrient by the US Institute of Medicine in 1998 (13) , and guidelines regarding the daily adequate intake for various age-groups and a tolerable upper intake limit were established; however, they have not been revised since. It is now recognized that human dietary requirements for choline vary, with the 2 primary reasons being estrogen status and the presence of polymorphisms in key genes of choline and folate metabolism (14, 15) . In addition, phosphatidylcholine (or possibly lysophospatidylcholine) is now recognized as a substrate for intestinal bacterial metabolism, adding a third factor to the complexity of quantifying choline requirements. It also must be remembered that preformed betaine, found in whole-grain foods and some vegetables, including beetroot and spinach (Table 1) , can lower the amount of dietary choline required, because it reduces the need to convert choline to betaine (Figure 1) .
The link between choline deficiency and accumulation of hepatic lipid has been recognized for over 50 y (16), leading to the establishment of choline-deficient diets to induce models of nonalcoholic fatty liver disease (NAFLD) in animals. In humans, NAFLD is the most common liver condition worldwide, affecting up to 30% of Western and 17% of Eastern populations (17) . NAFLD is an umbrella term for a histologic spectrum of disease ranging from hepatic steatosis to nonalcoholic steatohepatitis (NASH), an inflammatory phenotype with hepatocyte injury, with or without fibrosis, which can progress to cirrhosis with complications of liver failure and hepatocellular carcinoma (17) . The current treatment for NAFLD is based on reducing body fat through caloric restriction and physical activity (18) . Little is known about the role of choline in the potential prevention or treatment of NAFLD. Disturbances in host or bacterial choline metabolism may have a substantial impact on the genesis of NAFLD, the development of liver injury, and the association between NAFLD and cardiovascular disease, which remains the leading cause of death in these patients. Given the restricted dietary options for treating NAFLD, this review will focus on recent understanding of the provision and functions of choline in the liver, including the role of the gut microbiota in determining bioavailability and the impact of polymorphisms of selected genes of choline metabolism. These factors may explain why some individuals who are not meeting their personal choline requirements can encounter detrimental changes in hepatic lipid homeostasis.
Current Status of Knowledge
Choline/phosphatidylcholine in the liver Within hepatocytes, choline may be oxidized to betaine in mitochondria and then supply a methyl group (Figure 1) , or enter the CDP-choline pathway ( Figure 3 ) for phosphatidylcholine synthesis. As well as synthesis, phosphatidylcholine is supplied by reverse phosphatidylcholine transport ( Table 2) ; 50% of the hepatic phosphatidylcholine in mice was shown by van der Veen et al. (10) to be derived from the circulation. Hepatic phosphatidylcholine is used to form the monolayers of lipid droplets, VLDL and HDL, but this phosphatidylcholine is not obtained from a single source. Phosphatidylcholine, the main phospholipid of the lipid droplet monolayer (19) , is synthesized at the growing lipid droplet surface via targeted activation of the ratelimiting enzyme CTP:phosphocholine cytidyltransferase in the CDP-choline pathway ( Figure 3 ) (19) . Similarly, the CDP-choline pathway appears to be optimal for the phosphatidylcholine in the endoplasmic reticulum and Golgi that is released to apoA1 during the genesis of HDL (9) , but the PEMT pathway is essential for VLDL synthesis and secretion (20) . Some of the phosphatidylcholine in mixed FIGURE 1 Choline metabolism, including the BHMT gene for betaine-homocysteine S-methyltransferase, the CHDH gene for choline dehydrogenase, the MTHFD1 gene for methylenetetrahydrofolate dehydrogenase 1, and the PEMT gene for phosphatidylethanolamine N-methyltransferase. B12, vitamin B-12; BHMT, betaine-homocysteine S-methyltransferase; CHDH, choline dehydrogenase; MTHFD1, methylenetetrahydrofolate dehydrogenase 1; PEMT, phosphatidylethanolamine N-methyltransferase; THF, tetrahydrofolate. Reproduced with permission from reference 2.
7 Abbreviations used: CHKA, choline kinase; CHKB, choline/ethanolamine kinase; FMO3, flavin mono-oxygenase-3; GNMT, glycine N-methyltransferase; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; PEMT, phosphatidylethanolamine N-methyltransferase; SLC44AI, solute carrier family 44 member 1; V175M, valine to methionine substitution at residue 175. micelles in bile is generated by the PEMT pathway (4), with the reverse transport of HDL-phosphatidylcholine accounting for 38% of rat biliary phosphatidylcholine (11) . Thus reverse transport of both HDL-and LDLphosphatidylcholine returns phosphatidylcholine that originated from the liver, as well as phosphatidylcholine from the periphery.
Phosphatidylcholine synthesis via the PEMT pathway competes for S-adenosylmethionine, which is also used for methylation of DNA, RNA, histones, and other targets, as well as being a precursor to polyamines and glutathione (4, 21) . Communication between folate metabolites and the ratio of S-adenosylmethionine to S-adenosylhomocysteine ( Figure 1 ) maintains S-adenosylmethionine homeostasis. S-adenosylmethionine inhibits the synthesis of methyltetrahydrofolate, a source of the methyl group independent of betaine. Moreover, methyltetrahydrofolate inhibits an enzyme that catabolizes S-adenosylmethionine [glycine N-methyltransferase (GNMT)] (22) . The main biological role of GNMT, an enzyme found at high concentrations in the liver, is postulated to be to optimize the ratio of S-adenosylmethionine to S-adenosylhomocysteine (21).
Choline/phosphatidylcholine and hepatic steatosis Hepatic steatosis develops when FA influx, de novo hepatic lipogenesis, or TG synthesis from diacylglycerol exceeds lipid export or oxidation. Alterations in choline and phosphatidylcholine metabolism may have an impact on several pathways, potentially predisposing one to fatty liver. Choline deficiency as a cause of hepatic steatosis is exemplified in the setting of total parenteral nutrition, in which choline replacement led to a reversal of fatty infiltration (23) . Furthermore, dietary choline deficiency is routinely used in animal models of NAFLD (24) .
Phosphatidylcholine deficiency increases de novo hepatic lipogenesis. The products of de novo lipogenesis are SFAs rather than unsaturated FAs, and TGs enriched with SFAs (10) . Uptake by scavenger receptor B1 and other mechanisms (10) . Preferentially channeled into bile secretion (11) LDL PC Taken up via LDL receptors and scavenger receptor B1 (9) have been shown to be increased in subjects with NAFLD compared with those without, supporting the contribution of de novo lipogenesis to hepatic steatosis (25) . An elevation in TG synthesis may be secondary to low phosphatidylcholine concentrations (26) . The resultant reduction in the phosphatidylcholine-to-phosphatidylethanolamine ratio increases the curvature of membranes, and in the case of the endoplasmic reticulum, leads to activation of sterol regulatory element-binding protein 1c independently of other triggers, e.g., elevated insulin concentrations (26) . A reduction in the phosphatidylcholine-to-phosphatidylethanolamine ratio may arise from 1) decreased dietary choline and/or decreased choline bioavailability for the CDP pathway, 2) decreased PEMT activity because of genetic variants, or 3) reduced methylation capacity ( Figure 1 ) (26) . Notably, rare functional mutations in the CDP pathway lead to reduced phosphatidylcholine synthesis and severe fatty liver in humans (27) , reinforcing the observation that the PEMT pathway cannot compensate fully for the absence of the CDP pathway.
Phosphatidylcholine as a substrate for TG synthesis in the liver. Reverse HDL-phosphatidylcholine transport has been shown to provide a substrate for TG synthesis in mice (10) . Phosphatidylcholine is hydrolyzed into diacylglycerol and phosphocholine, with diacylglycerol subsequently undergoing acylation to TG. Mice have high HDL concentrations, and HDL-phosphatidylcholine contributes to one-half of their liver phosphatidylcholine content. In turn, two-thirds of hepatic TG is derived from hepatic phosphatidylcholine, underlying its important contribution to hepatic steatosis (10, 21) . It is not known what contribution to hepatic TG synthesis reverse HDL-phosphatidylcholine makes in humans; however, the rare functional mutations in the CDP-choline pathway described by Payne et al. (27) resulted in fatty liver but very low HDL concentrations. Interestingly, the phosphatidylcholine that becomes associated with apoA1 before secretion is optimally derived from the CDP-choline pathway (9), thus potentially explaining the reduced HDL concentrations in these individuals.
Hepatic lipid storage. In hepatocytes, a critical function of lipid droplets is to regulate the intracellular concentrations of both unesterified FAs and cholesterol, these being cytotoxic at increased concentrations (28) . Phosphatidylcholine in the lipid droplet monolayer acts as a surfactant to prevent the coalescing of lipid droplets that would yield larger lipid droplets less likely to undergo lipolysis (19) . Proteins that orchestrate lipid storage and utilization reside in this monolayer. Townsend et al. (29) demonstrated that the reduced phosphatidylcholine content of NIH 3T3 fibroblasts results in increased association of intracellular perilipin 2 with the lipid droplets and altered binding of as-yet unidentified proteins. Perilipin 2 is a negative regulator of VLDL secretion in hepatocytes, and phosphatidylcholine deficiency results in the accumulation of larger lipid droplets (30); thus, investigation of the impact of reduced phosphatidylcholine content of hepatocytes on perilipin 2 and other proteins associated with VLDL secretion may be informative.
Hepatic TG export. In the nonfatty liver there is a homeostatic balance between TG synthesis and excretion. Given that phosphatidylcholine is required for VLDL synthesis/ secretion, reduced phosphatidylcholine would be expected to account for at least some of the TG accumulation in the liver seen in NAFLD (20) . The PEMT pathway is essential for VLDL synthesis and secretion (20) , although the exact mechanism for this has not been defined (9) . Several aspects of VLDL maturation remain unresolved (30) , but the study of GNMT knockout mice by Martínez-Uña et al. (31) led to the suggestion that excess S-adenosylmethionine plays a role in disrupting VLDL assembly.
Biliary cholesterol. Min et al. (32) demonstrated multiple aberrations of hepatic cholesterol metabolism in subjects with NAFL and NASH, leading to an accumulation of free cholesterol without a corresponding increment in cholesterol esters. These aberrations include decreased LDL receptor expression (and subsequently reduced LDL-phosphatidylcholine reverse transport), increased expression of the gene responsible for the hydrolysis of cholesterol esters, and decreased bile acid synthesis. Excess cholesterol in the bile may result in gallstones, and using a longitudinal stud design, Liu et al. (33) reported NAFLD to be an independent risk factor for gallstone development, but only in women (mostly postmenopausal at baseline). Further understanding of the reasons for this increased risk may shed light on any change in the usual secretion of phosphatidylcholine in bile that reduces the solubility of cholesterol.
Dietary choline and human NAFLD Studies using estimates of choline intake in free-living human subjects with steatosis are limited. A cross-sectional study of >56,000 middle-aged and older Chinese subjects found an inverse relation between sonographically diagnosed NAFLD and dietary choline in the subgroup of normal-weight women only, suggesting that the influence of choline may depend upon host factors such as sex and adiposity (34) . Menopausal status also may have had an influence. A cross-sectional study of Americans (35) did not find any relation between choline intake and degree of steatosis measured by liver biopsy, but postmenopausal women consuming <50% of the adequate intake had more substantial fibrosis. The following sections highlight the impact of estrogen status, as well as genetic and bacterial factors, on the relation between dietary choline and risk of NAFLD.
PEMT activity. The enzyme PEMT plays a key role in the synthesis of hepatic phosphatidylcholine, as demonstrated by PEMT knockout mice developing hepatic steatosis because of reduced TG excretion (36) . Interestingly, the PEMT gene is under estrogenic control (37), which explains why premenopausal women were less likely than postmenopausal women or men to develop hepatic steatosis during a controlled feeding trial that included a phase of depleted choline intake (38) . However, some premenopausal women were insensitive to this protective effect, and subsequently this has been demonstrated to be due to 2 single nucleotide polymorphisms that reduce estrogen binding in the promoter region of the PEMT gene (37) .
Several studies have investigated the frequency of other PEMT variants in subjects with NAFLD compared with controls. The valine to methionine substitution at residue 175 (V175M) is 30% less active than the wild-type PEMT (36) , thus increasing reliance on dietary choline. The frequency of those who are homozygous for this variant is high in Caucasians and even higher in those with fatty liver (39, 40) . In contrast with Caucasians, the frequency of V175M variant homozygotes has been reported to be lower in African Americans and Hispanic subjects (one-third) (39, 40) and very low (<1%) in Japanese subjects (40) . Even so, V175M was more frequent in Japanese NASH patients than in healthy controls, and associated with a lower BMI in NASH patients (41) .
GNMT activity. GNMT is the most abundant hepatic methyltransferase, and serves to regulate the ratio of Sadenosylmethionine to S-adenosylhomocysteine (22) . GNMT is a folate-binding enzyme, and the 5,10-methylene tetrahydrofolate dehydrogenase-1958A gene allele may influence GNMT activity. The carriers of this allele in the choline depletion study (38) were significantly more likely to develop signs of organ dysfunction (42) . Interestingly, carriers of this allele developed higher plasma concentrations of Sadenosylhomocysteine, elevated concentrations of which inhibit PEMT, making it harder to synthesize phosphatidylcholine de novo (42) .
Overall, progress in understanding the role of changes in GNMT activity in relation to human NAFLD is not as advanced as that for changes in PEMT activity. GNMT knockout mice develop NAFLD, which has established a role for excess as well as reduced S-adenosylmethionine in relation to TG accumulation (21, 31) . Downregulation of GNMT has been reported in human fatty liver tissue, and this was associated with an increase in cholesterol accumulation (43) , a feature of the contents of lipid droplets in NAFLD (28) . Unfortunately GNMT expression was not investigated by Min et al. (32) , who reported extensive cholesterol dysregulation in their NAFL and NASH patients. Further research is needed to consolidate the roles of GNMT in relation to both hepatic TG and cholesterol accumulation in humans.
Polymorphisms in other genes related to choline metabolism. da Costa et al. (15) examined 200 single nucleotide polymorphisms in 10 genes related to choline metabolism in their search for associations with liver (or muscle) dysfunction in the controlled choline feeding trial mentioned above (38) . Single nucleotide polymorphisms in choline kinase (CHKA) (Figure 3) , solute carrier family 44 member 1 (SLC44A1), also known as choline transporter-like protein 1, and choline/ethanolamine kinase (CHKB) have been implicated in increasing or decreasing susceptibility to hepatic dysfunction on a low-choline diet (15) ; however, their lower prevalence has meant that further studies with larger cohorts are required to determine their importance in relation to the risk of NAFLD.
Choline and progression from steatosis to steatohepatitis. Animal models suggest that choline deficiency alone is insufficient to lead to the hepatic inflammation and fibrosis characteristic of NASH, and that other contributing factors are required. A diet deficient in both methionine and choline results in NASH; however, this model lacks the weight gain and insulin resistance seen in human NAFLD. Similar changes are observed with chronic feeding of a cholinedeficient L-amino acid-defined diet (34, 44) .
A pilot study revealed that hepatic phosphatidylcholineto-phosphatidylethanolamine ratios were lower in human subjects with NASH than in healthy subjects (8) , suggesting that S-adenosylmethionine availability may have been limited. Such a change in membrane composition may allow cytokines or bacterial LPSs to enter hepatic cells and stimulate inflammatory pathways, leading to NASH and fibrosis (12) .
In summary, evidence to date suggests cholesterol and TG dysregulation, along with the phosphatidylcholine-tophosphatidylethanolamine ratio of various hepatic membranes, could be the key to the changes that are seen with choline/phosphatidylcholine deficiency. Progression to NASH may result if changes result in the stimulation of inflammatory pathways.
Gut microbiome. The human gut microbiome actively metabolizes dietary components, including choline, and thus may alter its bioavailability and potentially predispose one to choline deficiency. The gut microbiome is highly diverse between individuals, which may lead to variation in choline absorption for a given dose of dietary choline and differences in choline metabolite profiles. Screening of 79 bacterial isolates found in the human gastrointestinal tract identified 8 species that are avid choline metabolizers (45) . Genetic analyses, however, have demonstrated that anaerobic choline metabolism gene sets are widely distributed among 3 major bacterial phyla existing in the human gut microbiota (Proteobacteria, Firmicutes, and Actinobacteria) (46) . The functional impact of these bacteria has been demonstrated by the colonization of germ-free mice with choline-metabolizing bacteria, resulting in reduced choline bioavailability and choline serum concentrations (45) .
Dietary choline may in turn affect the gut microbiome. Although wholesale changes in the diversity or abundance of the human gut microbiome have not been demonstrated to occur with alterations in dietary choline, the species Gammaproteobacteria appears to be responsive to choline intake, with deficiency and replenishment leading to changes in its abundance (47) . In the choline depletion study (38) , replenishment of choline resulted in a reduction in the abundance of Gammaproteobacteria to zero in 13 of 15 subjects, indicating a sensitivity of these bacteria to dietary choline, given predominantly in the form of phosphatidylcholine (47) . The class Gammaproteobacteria is known to harbor high concentrations of choline-metabolizing enzymes, and concentrations of gut Gammaproteobacteria subsequently influenced susceptibility toward the development of hepatic steatosis with a choline-deficient diet (46, 47) .
Choline salts have long been avoided as a supplemental form because of the accompanying fishy body odor from the bacterial production of trimethylamine (48) . The use of lecithin (phosphatidylcholine) as an alternative form of choline to treat Huntington disease and tardive dyskinesia (49) was not associated with malodor, suggesting that bacteria cannot access the choline in phosphatidylcholine to the same degree. Although phosphatidylcholine challenges before and after the use of antibiotics have demonstrated that egg yolk phosphatidylcholine can be metabolized to trimethylamine in the human gut (50), it has not been established how intestinal bacteria access esterified choline. However, Vibrio cholera, a gram-negative human pathogen belonging to the class Gammoproteobacteria, was recently shown to use environmental lipids, including lysophosphocholine (51) . This bacterium has an externally oriented lysophospholipase that enables it to release the remaining FAs from lysophosphatidylcholine, which is readily available from both food and biliary phosphatidylcholine by the action of pancreatic phospholipase A2 (Table 2 ). Other gram-negative bacteria may have similar enzyme activity (50), as well as enzymes to allow the hydrolysis of glycerophosphocholine. Small intestinal bacterial overgrowth is relatively common in those with NAFLD (52) , and may lead to the equivalent of a cholinedeficient diet (53) ; in this situation, it seems more feasible that the higher bacterial numbers in the small intestine would be able to access lysophosphatidycholine derived from dietary or biliary phosphatidylcholine before it is taken up by enterocytes.
Animal studies have supported the concept that host genetics predispose one to a choline-utilizing gut microbiota that leads to less choline bioavailability and subsequent increased risk in NAFLD. Feeding a high-fat diet to mice that are genetically predisposed to NAFLD leads to low plasma phosphatidylcholine concentrations. This suggests reduced bioavailability of dietary choline, and increased urinary methylamines indicate increased bacterial metabolism of choline by the gut (54) . Interaction between host genetic polymorphisms, dietary choline, and gut bacteria has also been demonstrated in a human study in which a PEMT single nucleotide polymorphism, in association with an abundance of gut Gammaproteobacteria and Erysipelotrichi, predicted the development of fatty liver in subjects who were fed a cholinedeficient diet (48) .
Bacterial choline metabolism, trimethylamine oxide, and atherosclerosis Choline, phosphatidylcholine and betaine are among the dietary substrates used for trimethylamine production by intestinal bacteria (55) . Trimethylamine in turn undergoes hepatic metabolism to trimethylamine oxide. Several members of the flavin mono-oxygenase family, in particular, hepatic flavin mono-oxygenase-3 (FMO3) (56) , play key roles in trimethylamine conversion to trimethylamine oxide. The expression of the FMO3 gene is downregulated by testosterone and upregulated by estrogen, but no differences in circulating trimethylamine oxide concentrations between genders were observed in a clinical study (50) , suggesting that these are overwhelmed by variations in dietary precursors to trimethylamine and variation in intestinal microflora (56) .
In large-scale cohort studies, elevated plasma trimethylamine oxide concentrations have been associated with both angiographic measures of coronary artery atherosclerotic burden and cardiovascular disease risk (55, 57) , possibly through increased cholesterol accumulation by macrophages (56) . Thus, bacterial metabolism of choline to trimethylamine may result in reduced choline bioavailability and susceptibility to NAFLD, as well as increased trimethylamine oxide and cardiovascular disease risk, potentially providing a mechanism through which patients with NAFLD are at increased risk of cardiovascular disease. It should be noted that carnitine and possibly other dietary methylamines also contribute to plasma trimethylamine oxide concentrations (58) .
Serum trimethylamine oxide has been measured in humans who were fed eggs that had a high phosphatidylcholine content (50, 59) . The bioavailability from food sources of phosphatidylcholine and its variability between and within individuals was investigated in a pilot study of 6 subjects (59). The authors estimated that ;11-15% of dietary total choline (mostly as phosphatidylcholine in egg yolk) in their test meals was converted to trimethylamine oxide in the liver from trimethylamine formed by intestinal bacteria. Biliary phosphatidylcholine would have also contributed to the formation of trimethylamine. It would be interesting to repeat this study in subjects with cystic fibrosis, with their reduced capacity for fat digestion and thus increased phosphatidylcholine concentrations in the intestine, for bacterial metabolism.
Estimating choline requirements
Many reasons for individualized requirements have been identified since the adequate intakes were set in 1998, leading to what now can be seen as an inadequate level for many individuals. Yet, analysis of the NHANES 2003-2004 data (60) suggests that many adults do not meet the adequate intake. It has been suggested that the adequate intake should be increased to cover the elevated needs of some (15); however, Tang et al. (50) have warned that overconsumption of rich sources of phosphatidylcholine may be harmful, at least for some, because of the positive relation between plasma trimethylamine oxide concentrations and cardiovascular disease risk. Again, human polymorphisms may contribute to this particular risk, and more information is required on the bioaccessibility of various phosphatidylcholine food sources and the possibility of manipulating the microbiome (45, 55) .
Given all the variables associated with individual choline requirements, a clinical measurement would be useful to establish risk of NAFLD (61) . To this end, Sha et al. (61) conducted metabolomic profiling and targeted analyses on the subjects from the choline depletion study (38) , and were able to predict who would develop liver dysfunction when consuming a choline-deficient diet. The successful prediction rate was 80% in Caucasians, but decreased when the entire sample was considered, presumably reflecting interethnic group differences in the prevalence of single nucleotide polymorphisms in relevant genes (15, 61) . In addition, variable intestinal microbial metabolism of the choline moiety also is likely to have contributed to the differences in response to choline-deficient diets.
Conclusion
The impact of low choline intake is dependent upon estrogen status and genetic polymorphisms involving choline metabolism. The intestinal microbial metabolism of choline, phosphatidylcholine, or betaine contributes another level of variability in those already at low or borderline choline status. It is difficult to see how requirements can be set for this nutrient without incorporating at least some genetic testing, given the variables at play and the possibility that excessive concentrations of phosphatidylcholine may place certain individuals at higher risk of cardiovascular disease. Metabolomic screening offers a more comprehensive way forward by incorporating the risk related to gut bacteria; several levels of requirements based on metabolomic profiles could then be created. Although advances have been made, further intervention trials that account for human and bacterial genetic differences are required to clarify our understanding of how dietary choline intake influences hepatic steatosis and its progression, as well as cardiovascular disease risk.
